Increased groundwater abstraction is important to the economic development of Africa and to achieving many of the Sustainable Development Goals. However, there is little information on long-term or seasonal groundwater trends due to a lack of in situ monitoring. Here, we used GRACE data from three products (the Centre for Space Research land solution (CSR), the Jet Propulsion Laboratory's Global Mascon solution (JPL-MSCN), and the Centre National D'etudes Spatiales / Groupe de Recherches de Géodésie Spatiale solution (GRGS)), to examine terrestrial water storage (TWS) changes in 12 African sedimentary aquifers, to examine relationships between TWS and rainfall , and estimate groundwater storage (GWS) changes using four Land Surface Models (LSMs) (Community Land Model (CLM2.0), the Variable Infiltration Capacity model (VIC), the Mosaic model (MOSAIC) and the Noah model (NOAH)). We find that there are no substantial continuous long-term decreasing trends in groundwater storage from 2002 to 2016 in any of the African basins, however, consistent rising groundwater trends amounting to~1 km 3 /year and 1.5 km 3 /year are identified in the Iullemmeden and Senegal basins, respectively, and longer term variations in ∆TWS in several basins associated with rainfall patterns. Discrete seasonal ∆TWS responses of ±1-5 cm/year are indicated by GRACE for each of the basins, with the exception of the Congo, North Kalahari, and Senegal basins, which display larger seasonal ∆TWS equivalent to approx. ±11-20 cm/year. The different seasonal responses in ∆TWS provide useful information about groundwater, including the identification of 5 to 9 month accumulation periods of rainfall in many semi-arid and arid basins as well as differences in ∆TWS responses between Sahelian and southern African aquifers to similar rainfall, likely reflecting differences in landcover. Seasonal ∆GWS estimated by combining GRACE ∆TWS with LSM outputs compare inconsistently to available in situ measurements of groundwater recharge from different basins, highlighting the need to further develop the representation of the recharge process in LSMs and the need for more in situ observations from piezometry.
Introduction
Groundwater supplies an estimated 36% of all global domestic water and 42% of agricultural water [1] and its use is forecast to continue to rise in response to economic and population growth [2, 3] . This is particularly the case in Africa where other sources of water are often scarce or unreliable and groundwater offers an affordable means of increasing access to secure water and reducing poverty [4, 5] . With increased abstraction come concerns about over-exploitation and depletion of groundwater storage. Already it is estimated that globally, groundwater storage is being mined at a rate of approximately 150-200 km 3 per year [6, 7] , which although a small proportion of the estimated global groundwater reserves [8] , can lead to several unwanted impacts. These can include: falling water tables [9, 10] , which are associated with the failure of shallow wells and springs [11] , the ingress of poor quality water into aquifers [12, 13] , and the deterioration of aquatic ecosystems [14, 15] . Groundwater depletion also contributes to sea-level rise through the net transfer of water from long-term terrestrial storage to the ocean [3] , which may contribute 0.4 to 0. 6 mm per year to sea level rise [6, 7] .
Recent quantitative maps of African groundwater storage and potential borehole yields [16] highlights the potential for groundwater resources to support increased water and food security, improving health, and reducing poverty [5] . The study estimates groundwater stored in African aquifers to be more than 0.5 million km 3 representing a freshwater resource that is of a fundamentally different scale to that available from surface water in Africa [16] . However, if groundwater resources are to be increasingly abstracted across Africa to underpin development, climate adaptation, and achievement of the Sustainable Development Goals [2, 17, 18] it will be important to monitor changes in groundwater storage to forecast and mitigate unwanted human or environmental impacts of abstraction. The most reliable methods for monitoring changes in groundwater storage are through a network of properly located and designed observation boreholes which monitor changes in groundwater levels over a long-term period. However, systematic groundwater monitoring in Africa is rare, and there are only isolated locations where groundwater is monitored for more than one or two years in places unaffected by abstraction (e.g., South Africa, Uganda, and Ghana), and few examples of data sequences that last for more than a decade [19] [20] [21] [22] .
In the absence of widespread in situ groundwater monitoring data, remotely sensed data can provide an opportunity to gather observations of groundwater behaviour at a river basin, aquifer, or continental scale. In particular, the launch of the Gravity Recovery and Climate Experiment (GRACE) satellite mission generated considerable interest in the use of remotely sensed data for a wide variety of hydrological applications [23] . Since March 2002, the GRACE satellites have provided independent monthly models of the Earth's gravity field at a spatial resolution of approximately 200,000 km 2 [24] . Consistent seasonal variations in the data have been shown to relate to terrestrial water mass variations at the Earth's surface [24, 25] ; data have been widely used at a river basin [26] and continent scale to estimate groundwater storage variations [27] [28] [29] [30] [31] [32] , ice sheet and glacier mass loss [33] [34] [35] , drought events [36, 37] ; as well as a validation for hydrological models [38] [39] [40] .
Interpretation of data from the GRACE satellites provides an integrated measure of monthly terrestrial water mass changes over a footprint of approximately 450 × 450 km. Observed data and/or hydrological models need to be used in conjunction with GRACE data to determine how individual components of terrestrial water storage (TWS) such as groundwater storage relate to the total relative monthly change (i.e., ∆TWS) indicated by GRACE.
Validation studies demonstrate that GRACE data show a close correspondence to in situ groundwater data (to within 10%) e.g., [28] in areas where changes in terrestrial water mass are dominated by groundwater storage, and GRACE data can be related directly to the groundwater mass where long-term depletion is occurring e.g., [25] . There is significant interest, therefore, to use GRACE data to identify and characterise groundwater storage changes within data-poor regions in conjunction with other remotely sensed datasets (rainfall and soil moisture).
This paper examines GRACE data and output from Land Surface Models (LSMs) for each of the major sedimentary aquifers across Africa to determine: (i) if GRACE data can be used to reliably characterise and differentiate the annual and long term terrestrial water mass storage changes in each groundwater basin; and (ii) what, if any, long-term trends and seasonal behaviour in groundwater storage (GWS) can be identified in Africa over the last 15 years using different GRACE products and LSMs. These outputs are then interpreted to help inform groundwater response to climate and abstraction.
Materials and Methods

Groundwater Basins in Africa
The major sedimentary aquifer basins in Africa were selected as the focus of this study, as these aquifers hold the largest groundwater reserves in the continent. Recent research has estimated groundwater storage in the sedimentary aquifers in northern Africa could be as high as 75 × 10 6 m 3 per km 2 [16] , with sedimentary basins within the rest of Africa containing a considerable proportion of the remaining groundwater in the continent (Figure 1 ). Away from these basins, groundwater storage is much less (by one or two orders of magnitude) as a result of the lower porosity rock types and much thinner effective aquifers (Figure 1 ). Precambrian basement rocks generally comprise aquifers with the least storage, where average groundwater volumes are estimated to be 0.5 × 10 6 m 3 km −2 [16] . A series of groundwater maps for Africa: (a) the hydrogeological environments for Africa [41] , in which the sedimentary environments are divided in terms of groundwater storage and flow; (b) estimated groundwater storage in Africa, based on effective porosity and thickness of the aquifers [16] ; (c) the average seasonal terrestrial water storage changes indicated by Gravity Recovery and Climate Experiment (GRACE) at a continental-scale across Africa, with the major sedimentary aquifer basin boundaries (to which the GRACE, rainfall and land surface model (LSM) data are extracted) highlighted in black; (d) land cover; and (e) average annual rainfall. A series of groundwater maps for Africa: (a) the hydrogeological environments for Africa [41] , in which the sedimentary environments are divided in terms of groundwater storage and flow; (b) estimated groundwater storage in Africa, based on effective porosity and thickness of the aquifers [16] ; (c) the average seasonal terrestrial water storage changes indicated by Gravity Recovery and Climate Experiment (GRACE) at a continental-scale across Africa, with the major sedimentary aquifer basin boundaries (to which the GRACE, rainfall and land surface model (LSM) data are extracted) highlighted in black; (d) land cover; and (e) average annual rainfall.
The major sedimentary basins are located in a range of climate zones across Africa (see summary data in Table 1) , and provide an opportunity to examine differences in groundwater storage dynamics between seasonally wet areas (e.g., Senegal and North Kalahari basins) where groundwater is being actively recharged, and arid areas (e.g., North African basins). Basin boundaries were identified using an adapted 1:5 million scale geological map of Africa which divides the geology into hydrogeologically significant units and classifies sedimentary rocks into the major basins to which they belong [16] ( Figure 1 ). The GRACE, Tropical Rainfall Measuring Mission (TRMM), and LSMs datasets used by this study were then all extracted to these areas. [42, 43] and the Jet Propulsion Laboratory's Global Mascon solution (JPL-MSCN) [44, 45] from NASA's GRCTellus data dissemination site (http://grace.jpl.nasa.gov/data), and a third GRACE solution, GRGS (release RL03-v1) [46] from the French government space agency, Centre National D'études Spatiales (CNES) Groupe de Recherches de Géodésie Spatiale (GRGS). To address uncertainty associated with different GRACE processing strategies (GRCTellus, JPL-Mascons, GRGS) and the later derivation of ∆GWS, we apply an ensemble mean of the three GRACE ∆TWS. A brief description of all three GRACE products is provided below.
GRCTellus CSR land solution (version RL05.DSTvSCS1409) is post-processed from spherical harmonics released by the Centre for Space Research (CSR) at the University of Texas at Austin. GRCTellus gridded datasets are available at a monthly timestep and a spatial resolution of 1 • × 1 • (~111 km at equator) though the actual spatial resolution of GRACE footprint is~450 km or 200,000 km 2 [27] . To amplify TWS signals we apply the dimensionless scaling factors provided as 1 • × 1 • bins that are derived from minimising differences between TWS estimated from GRACE and the hydrological fields from the Community Land Model (CLM4.0) [43] . JPL-Mascons (version RL05M_1.MSCNv01) data processing involves the same glacial isostatic adjustment correction but applies no spatial filtering as JPL-RL05M directly relates inter-satellite range-rate data to mass concentration blocks (Mascons) to estimate monthly gravity fields in terms of equal area 3 • × 3 • mass concentration functions in order to minimise measurement errors. Gridded mascon fields are provided at a spatial sampling of 0.5 • in both latitude and longitude (~56 km at the equator). Similar to the GRCTellus CSR product, dimensionless scaling factors are provided as 0.5 • × 0.5 • bins [31] that also derive from the Community Land Model (CLM4.0) [45] . The scaling factors are multiplicative coefficients that minimize the difference between the smoothed and unfiltered monthly ∆TWS variations from the CLM4.0 hydrology model [45] . GRGS monthly GRACE products (version RL03-v1) are processed and made publicly available (http://grgs.obs-mip.fr/grace) by CNES [31] . Further details on the Earth's mean gravity-field models can be found on the CNES official website of GRGS (http://grgs.obs-mip.fr/grace/).
GRACE ∆TWS time-series data have some missing records as the satellites were switched off periodically to conserve battery life [31] ; these missing records are linearly interpolated (Shamsudduha et al., 2012) . Monthly ∆TWS time-series data as equivalent water depth (cm) are extracted from GRACE TWS datasets by using basin boundaries in R environment (raster package) [47] and taking the mean values aggregating the grid points within each basin. Residual mean error in TWS after processing is estimated to be <2 cm in the basins of interest [43] .
We use the TRMM [48] monthly rainfall product (3B43 version 7) with the GRACE products within the statistical analysis of this work, as it shown to best represent the distribution of tropical rainfall. The monthly TRMM data from 2002 to 2016 of 0.25 • × 0.25 • spatial resolution were aggregated to 1 • × 1 • grids, to be the same as GRACE and LSMs data.
Most authors e.g., [26, 49] trace changes in regional-scale groundwater storage (GWS) by computing total terrestrial water storage anomalies (∆TWS) from one or more GRACE products and deducting changes in other terrestrial stores simulated by LSMs, which in Africa comprise changes in soil moisture (∆SMS) and surface water (∆SWS) storage (Equation (1)).
To derive ∆GWS from GRACE ∆TWS (Equation (1)), we use simulated soil moisture to represent ∆SMS and surface runoff, as a proxy for ∆SWS [50, 51] , from LSMs within NASA's Global Land Data Assimilation System (GLDAS). GLDAS is an uncoupled land surface modelling system that includes multiple global LSMs [52] , driven by the observed surface atmospheric fields of Sheffield et al. (2006) .
We apply monthly ∆SMS and surface runoff data at a spatial resolution of 1 • × 1 • from 4 GLDAS LSMs: the Community Land Model (CLM, version 2) [53] , the Noah model (NOAH) (version 2.7.1) [54] , the Variable Infiltration Capacity (VIC) model (version 1.0) [55] , and the Mosaic model (MOSAIC) (version 1.0) [56] . The respective total depths of modelled soil profiles are 3.4 m, 2.0 m, 1.9 m, and 3.5 m in CLM (10 vertical layers), NOAH (4 vertical layers), VIC (3 vertical layers), and MOSAIC (3 vertical layers) [52] . In the absence of in situ ∆SMS and ∆SWS data in the study areas, we apply an ensemble mean of three ∆GWS estimates and the 4 LSMs-derived ∆SMS and ∆SWS data in order to disaggregate GRACE ∆TWS signals across our study regions, for the period August 2002 to July 2016, similar to the approach applied for other locations by Shamsudduha et al., [31, 57] . Canopy and snow water storage are not considered within equation 1 as we assume the relative contribution of these terrestrial water stores to be small in Africa compared to other water stores (soil moisture, groundwater, and surface water).
Statistical Methods
Our analysis of the GRACE ∆TWS and ∆GWS signals is based on the linear model:
where
T is a length n vector of observations of a product at times t i , M is a n × q matrix containing values of q covariates which explain a proportion of the variation of y, β is a length q vector of regression coefficients and ε = [ε 1 , ε 2 , . . . , ε n ] T is a length n vector of model residuals that are independent realizations from a Gaussian random variable with mean zero and variance σ 2 . The Mβ term is referred to as the fixed effects. Initially, we consider the time-scales over which the products vary. For each GRACE ∆TWS and ∆GWS product we estimate a model where the fixed effects are constant and the matrix M consists of a single column of 1s. We denote the estimated residual variance for this model by σ 2 0 . Then we expand the fixed effects to include a seasonal term by adding two additional columns to M equal to sin
and cos
where m i is the number of the month of the year in which the observation was made. We record the proportion by which the inclusion of these terms reduce the residual variance. Finally, we add a cubic temporal trend to the model. Thus q = 6 and the additional columns contain the values of t i , t 2 i , and t 3 i . Again we calculate the proportion of the σ 2 0 which has been explained by the fixed effects and record the additional proportion that was explained by the cubic trend. The proportions of the variance explained by the sinusoid and cubic terms correspond to the proportion of the variation in the product that can be explained by regular seasonal patterns of variation and longer-term multi-annual trends, respectively.
We consider the proportion of variation in the GRACE ∆TWS products that can be explained by modelled rainfall and the time-scale over which the response to rainfall occurs. Again, our baseline model assumes constant fixed effects. We then add a second term to the fixed effects proportional to the accumulated rainfall over the previous m r months. We vary m r between 1 and 20 and find the value which explains the largest proportion of variation of each product. We note that for both sets of models we do not include temporal correlation amongst the residuals since the long-term and seasonal trends would not be discernible from the patterns of variation that result from this correlation. (Table  1) . We find the periodicity of the TWS variations generally best accounted for when rainfall is accumulated by 5 to 9 months (Figures 2 and 3 ). Similar strength of correlations between ΔTWS and TRMM rainfall were found in the Horn of Africa [58] with lags between peak rainfall and peak ΔTWS of 1-2 months. The correspondence of accumulated rainfall to TWS and variations between basins reflects the duration of the annual rains and processes of soil saturation, infiltration, storage, and recharge processes within each of the basins according to the different land cover. Lateral movement of local runoff from highland areas to storage in lowland areas and wetlands has been shown to progressively shift the phase of peak ΔTWS [59] , and the timing of ΔTWS annual peaks have also (Table 1) . We find the periodicity of the TWS variations generally best accounted for when rainfall is accumulated by 5 to 9 months (Figures 2 and 3) . Similar strength of correlations between ∆TWS and TRMM rainfall were found in the Horn of Africa [58] with lags between peak rainfall and peak ∆TWS of 1-2 months. The correspondence of accumulated rainfall to TWS and variations between basins reflects the duration of the annual rains and processes of soil saturation, infiltration, storage, and recharge processes within each of the basins according to the different land cover. Lateral movement of local runoff from highland areas to storage in lowland areas and wetlands has been shown to progressively shift the phase of Within the other five basins (Eloued, Murzuk, Nubian, Somali, and Karoo), less than 25% of the variance of the TWS variations is explained by seasonal responses (Figures 2 and 3) . However up to 50% of TWS variation is related to rainfall (Figure 3 ) with the remaining signal unaccounted for. This unexplained variance is likely to be related to direct land-surface atmospheric feedbacks [61] , local water use (e.g., irrigation abstractions), and noise in the TWS signal and processing [43] .
Differences between the seasonal response of the southern African aquifer basins of the Karoo and Kalahari aquifer basins and the Sahelian aquifer basins of the Chad and Iullemmeden are striking (Figure 3 ). The four basins have similar rainfall but the southern African basins show a weaker seasonal response; TWS variations in the Karoo aquifer show a particularly weak relationship to rainfall (Figure 3b ). This may in part be due to the seasonal distribution of rainfall but may also reflect differences in land cover ( Figure 1 and Table 1 ). The Sahelian aquifers have largely been cleared of native vegetation leading to increased infiltration and run off compared to Karoo and Kalahari aquifers [62] [63] [64] . The more densely vegetated southern African land cover is likely to reduce infiltration and runoff and storage changes may be more dominated by evapotranspiration.
Long Term Patterns in TWS
A variety of long-term patterns in TWS is shown across the basins in Ensemble is shown in black; CSR product red, MSCN product blue, and GRGS product in green; (b) the variance of each TWS GRACE product which is explained by rainfall, and the corresponding accumulation periods. The ensemble GRACE product is shown in black; CSR product red, JPL-MSCN product blue, and GRGS product in green.
Within the other five basins (Eloued, Murzuk, Nubian, Somali, and Karoo), less than 25% of the variance of the TWS variations is explained by seasonal responses (Figures 2 and 3) . However up to 50% of TWS variation is related to rainfall (Figure 3 ) with the remaining signal unaccounted for. This unexplained variance is likely to be related to direct land-surface atmospheric feedbacks [61] , local water use (e.g., irrigation abstractions), and noise in the TWS signal and processing [43] .
A variety of long-term patterns in TWS is shown across the basins in Figure 4 . There is no evidence of continuous long-term declining trends of TWS in any of the major sedimentary aquifer basins from 2002 to 2016 (Figure 4 ). The amplitude of most of the long-term TWS changes in the basins are within 2 to 5 cm water equivalent, with the exception of the North Kalahari basin which displays a greater amplitude of both rising and falling TWS changes (TWS anomaly approx. 15-20 cm) ( Figure 4 and Table 1 ). Figure 4 also reveals a consistency in long-term responses shown for each basin using the three GRACE solutions.
Remote Sens. 2018, 10, x FOR PEER REVIEW 10 of 20 displays a greater amplitude of both rising and falling TWS changes (TWS anomaly approx. 15-20 cm) ( Figure 4 and Table 1 ). Figure 4 also reveals a consistency in long-term responses shown for each basin using the three GRACE solutions. (Figure 4) . The existence of these complex trends highlights the real value of using a non-linear function to examine long-term TWS behaviour patterns in GRACE, and also the benefit of longer datasets. Similar inter-annual TWS trends associated are also observed in other African river basins in Ethiopia, Sudan, and Tanzania (e.g., Lake Victoria Basin) [65, 66] .
Variations in rainfall explain some of the long-term trends (Table 1) . Within the southern African basins (Kalahari, North Kalahari, Karoo), the pattern is of strong rising TWS trends until 2012-2014 before then changing to a pattern of falling TWS (Figure 4 ). This 'rise and fall' corresponds to general (Figure 4) . The existence of these complex trends highlights the real value of using a non-linear function to examine long-term TWS behaviour patterns in GRACE, and also the benefit of longer datasets. Similar inter-annual TWS trends associated are also observed in other African river basins in Ethiopia, Sudan, and Tanzania (e.g., Lake Victoria Basin) [65, 66] .
Variations in rainfall explain some of the long-term trends (Table 1) . Within the southern African basins (Kalahari, North Kalahari, Karoo), the pattern is of strong rising TWS trends until 2012-2014 before then changing to a pattern of falling TWS (Figure 4 ). This 'rise and fall' corresponds to general rainfall patterns in the region with above average rainfall over much of southern Africa for the period up to 2012, and persistent drought since then [67] (Figure 2 ). Other studies, mainly over shorter time periods, have highlighted that the increased TWS in the Okavango and Zambezi river basins are linked to the increased flooding in the area [68, 69] . The North Kalahari aquifer, where the greatest long-term variation in TWS is observed, is mostly located within the upper Okavango basin, where additional rainfall must be stored. However, the impact of recent reduction in rainfall is shown in a reversal of the rising trend and currently falling TWS. Within the North African basins of the Nubian, Eloued, Murzuk where rainfall is negligible, much smaller trends (<1.5 cm) are mostly within uncertainties in the analysis and are difficult to attribute confidently to groundwater abstraction patterns, rainfall variability, or surface water flows. An earlier study [68] attributed falling TWS in the Nubian aquifer as evidence of groundwater abstraction; however, in our analysis TWS has risen slightly in the Nubian aquifer since 2012/2013 and in 2016 was at the same level as 2002. TWS in the Eloued aquifer was largely stable until 2011 and there is some evidence of declining TWS since. These North African basins last received significant recharge approximately 5000 years ago, although modern recharge can still occur particularly at the basin edges [70] , and groundwater levels have naturally declined since [71] .
The absence of any continuous long-term decline in TWS in any basin indicates that at an aquifer basin-scale, the groundwater resources are not stressed by current total abstraction volumes, and that TWS responds mostly to long-term climate. It is important to note that local-scale depletion of groundwater resource around individual well fields is beyond the resolution of GRACE, and may still be occurring within the groundwater basins, causing for example seasonal failure of hand pumps [11] . What the GRACE data indicates, however, is that these effects are localised, and are not reflective of the overall status of the groundwater resources at a basin-scale. The complexity and variety of long-term TWS patterns across the African basins demonstrates the need to examine data of as long as time-series as possible-at a minimum 15 years.
Differences between GRACE Products
Comparison of the seasonal and long-term TWS changes shown by each of the GRACE products in this study, provides an opportunity to assess how TWS characteristics can differ between GRACE products for each basins.
In relation to the timing and frequency of inter-annual changes in TWS across the different basins and long-term TWS behaviour, there is strong similarity among all three GRACE products (CSR, JPL-MSCN, GRGS) (Figures 2 and 3a) . There are, however, notable differences (equivalent to TWS anomaly of~5 cm) in the amplitudes of the inter-annual TWS changes represented by the different products. The GRGS GRACE product produces greater annual variations in TWS, and a noisier response compared to the CSR and new JPL-MSCN products (Figure 2) . Differences in the amplitudes of inter-annual TWS changes estimated by the products are greatest in the semi-arid and arid climates, as discussed by others [72] .
Estimated GWS Patterns across the Major Aquifer Basins in Africa
Seasonality of Estimated GWS Changes
Estimated GWS changes from GRACE and LSMs are shown for the major aquifer basins in Figure 5 and long term trends in Figure 6 . Out of the seven basins that displayed seasonality in TWS variability, not all display such distinct annual GWS changes; the Iullummeden, Kalahari, and Congo Basins show less of a regular seasonal change in GWS. For some aquifers in arid areas, where TWS showed no seasonal changes, the introduction of the LSMs to estimate GWS has introduced a seasonal response (e.g., Eloued). Figure  7 compares the mean annual GWS changes estimated for each major aquifer basin using different combinations of GRACE products and LSM outputs. The similarity between the GWS estimates found for each basin, across the suite of GRACE and LSM product combinations, indicates that estimated annual GWS changes averaged over the period 2002-2016 are not substantially affected by the combination GRACE products and LSM outputs used. Seasonal groundwater storage changes of approximately 10% of average annual rainfall are forecast for all of the 12 aquifer basins (Figure 8 ). These average seasonal behaviours compare well for estimates of recharge for some of the aquifers, such as the Iullemmuden [62, 73] and Chad [74] aquifers, where groundwater recharge of 15-50 mm has been measured; and appear to overestimate annual recharge in other basins, such as the Kalahari Out of the seven basins that displayed seasonality in TWS variability, not all display such distinct annual GWS changes; the Iullummeden, Kalahari, and Congo Basins show less of a regular seasonal change in GWS. For some aquifers in arid areas, where TWS showed no seasonal changes, the introduction of the LSMs to estimate GWS has introduced a seasonal response (e.g., Eloued). Figure 7 compares the mean annual GWS changes estimated for each major aquifer basin using different combinations of GRACE products and LSM outputs. The similarity between the GWS estimates found for each basin, across the suite of GRACE and LSM product combinations, indicates that estimated annual GWS changes averaged over the period 2002-2016 are not substantially affected by the combination GRACE products and LSM outputs used. Seasonal groundwater storage changes of approximately 10% of average annual rainfall are forecast for all of the 12 aquifer basins (Figure 8 ). These average seasonal behaviours compare well for estimates of recharge for some of the aquifers, such as the Iullemmuden [62, 73] and Chad [74] aquifers, where groundwater recharge of 15-50 mm has been measured; and appear to overestimate annual recharge in other basins, such as the Kalahari and Karoo [75] [76] [77] [78] , where long term recharge measurements are generally >>20 mm per annum and episodic. The estimated seasonal GWS behaviour also does not appear plausible for the hyper-arid basins where seasonal groundwater recharge has been estimated to be negligible through the application of groundwater tracer methods [79] but regular seasonal groundwater recharge is predicted through the modelled combination of GRACE and LSMs.
The poor plausibility of much of the seasonal groundwater behaviour from the combined TWS and LSM analysis highlights that LSMs do not yet capture the processes partitioning rainfall into different terrestrial water stores (soil moisture, lakes, seasonal wetlands) sufficiently to enable seasonal groundwater recharge to be represented. Recent work by Scanlon et al. [80] highlights the inability of many LSMs and global hydrological models (i.e., PCRaster Global water balance model (PCR-GLOBWB), and WaterGAP Hydrological Module (WGHM)) to reliably model long term terrestrial mass changes, probably as a result of not accurately simulating changes in surface water and groundwater storage. A recent study by Kolusu et al. [36] comparing GRACE to groundwater level variations in southern and eastern Africa found that although a combination of GRACE and LSMs could represent long-term groundwater behaviour, seasonal behaviour was more uncertain. Other work has shown that modifying the representative of the zero flux plane in LSMs can improve the apparent representation of TWS partitioning between soil moisture and groundwater [60] , and the importance of including groundwater abstraction [81] . 
Long Term Patterns in Estimated GWS
The long-term patterns of estimated GWS show similar patterns to the long-term behaviour of TWS in each basin, with the exception of the Congo (Figures 4 and 6) . No substantial continuous Comparison the difference between the maximum and minimum GWS change estimated for each aquifer basin, using the different GRACE products and LSM products.
The long-term patterns of estimated GWS show similar patterns to the long-term behaviour of TWS in each basin, with the exception of the Congo (Figures 4 and 6) . No substantial continuous The poor plausibility of much of the seasonal groundwater behaviour from the combined TWS and LSM analysis highlights that LSMs do not yet capture the processes partitioning rainfall into different terrestrial water stores (soil moisture, lakes, seasonal wetlands) sufficiently to enable seasonal groundwater recharge to be represented. Recent work by Scanlon et al. [80] highlights the inability of many LSMs and global hydrological models (i.e., PCRaster Global water balance model (PCR-GLOBWB), and WaterGAP Hydrological Module (WGHM)) to reliably model long term terrestrial mass changes, probably as a result of not accurately simulating changes in surface water and groundwater storage. A recent study by Kolusu et al. [36] comparing GRACE to groundwater level variations in southern and eastern Africa found that although a combination of GRACE and LSMs could represent long-term groundwater behaviour, seasonal behaviour was more uncertain. Other work has shown that modifying the representative of the zero flux plane in LSMs can improve the apparent representation of TWS partitioning between soil moisture and groundwater [60] , and the importance of including groundwater abstraction [81] .
The long-term patterns of estimated GWS show similar patterns to the long-term behaviour of TWS in each basin, with the exception of the Congo (Figures 4 and 6) . No substantial continuous long-term declining trends of GWS are indicated for any of the major sedimentary aquifer basins from 2002 to 2016 ( Figure 6 ). As with the long-term patterns of TWS, there is little evidence of any substantial long-term trend in estimated GWS changes in the Chad, Taoudeni, Nubian, Murkzuk, Eloued, and Somali basins; small consistent increasing trends in estimated GWS are indicated over the time-series in the Iullemmeden and Senegal basins-the trend in the Iullummeden basin is substantiated by observations studies in the region [62, 82] . Within the Kalahari, North Kalahari, and Karoo basins, rising patterns of GWS are observed from 2002 to 2012/2014 with either a levelling or falling trend thereafter. This change in the trend is coincidental with recent drought in southern Africa, with below average rainfall in the basins since 2012/2013 ( Figure 6 ). The estimated long-term dynamics of rising GWS compare well to that estimated by other GRACE analyses within Africa e.g., [49] . However, the calculation that there is no substantial long-term trend in GWS within the Chad, Taoudeni, Nubian, Murkzuk, Eloued, and Somali basins, differs to the analysis of Richey et al. [49] which estimates declining long-term GWS trend of 1 cm per year in these basins.
Conclusions
This study demonstrates the value of using GRACE products to characterise TWS and GWS variation across large African sedimentary aquifer basins where in situ data are scarce. The three GRACE products considered (CRC, JPL-MSCN, and GRGS) provide similar long-term behaviour for each aquifer which were interpreted as GWS changes through the use of the LSMs CLM2.0, VIC, MOSAIC, and NOAH. We find that long-term trends in GWS can be plausibly represented from GRACE using LSMs. No substantial long term continuous decreasing trends in groundwater storage are apparent in any of the African basins, however, consistent rising groundwater trends from 2012 to 2016 amounting to~1 km 3 /year and 1.5 km 3 /year are identified in the Iullemmeden and Senegal basins, respectively. Rising then falling trends with an inflexion at 2012-2014 are identified in the three aquifers south of the equator, Karoo, Kalahari, and Northern Kalahari, where recent changes in the trend consistent with reductions in rainfall. Other smaller trends (generally <1 cm over the measurement period, and not continuous) are likely to be within the uncertainties of processing the data and do not yet provide a strength of evidence suggested by others to confidently indicate the observable widespread impact of groundwater abstraction [49, 68, 69] .
Seasonal variations in TWS identified seven aquifer basins (Chad, Congo, Iullemmeden, Kalahari, North Kalahari, Senegal, Taoudeni), with a consistent seasonal response, which is largely accounted for by rainfall that has accumulated by 5 to 9 months. Within the five other basins (Eloued, Murzuk, Nubian, Somali, and Karoo), non-seasonal rainfall explains <50% of TWS variation with the remaining unexplained signal attributed to other factors such as direct land-surface atmospheric feedbacks, local water use, and noise in the TWS signal processing. The seasonal analysis highlights differences in TWS responses between Sahelian and southern African basins that are possibly controlled by differences in land cover.
Seasonal responses in GWS as estimated by combining TWS from GRACE with LSM outputs, show consistent GWS variation for each basin across the ensembles. However, by comparing basin results with available recharge studies, we find that although they were plausible for arid basins in the Sahel, they were less plausible for southern African semi-arid basins and incongruous with hyper-arid basins where substantial annual groundwater recharge is forecast through the combination of GRACE and LSM outputs but in situ studies of groundwater recharge consistently identify negligible annual recharge. These results highlight the importance of further developing LSMs to be able to represent groundwater recharge processes, and the large uncertainties when using GWS anomalies from GRACE and LSMs to estimate seasonal groundwater storage fluxes.
By using several different products, in this study, we demonstrate that uncertainties in representing changes in seasonal groundwater storage by combining GRACE and LSM data are not reduced by using an ensemble of models, but are inherent to current limitations in how LSMs represent the partitioning of terrestrial water stores. However, our results show that seasonal groundwater behaviour can be explored using ∆TWS from several GRACE products and combining with rainfall and land use datasets. Long-term groundwater response can also be more confidently inferred from interpreting ∆TWS from an ensemble of GRACE products using a standard statistical approach. 
